Abstract. Flow disturbances near tall forest edges are receiving significant attention in diverse disciplines including ecology, forest management, meteorology, and fluid mechanics. Current theories suggest that near a forest edge, when the flow originates from a forest into a large clearing, the flow retains its forest canopy turbulence structure at the exit point. Here, we propose that this framework is not sufficiently general for dense forested edges and suggest that the flow shares several attributes with backward-facing step (BFS) flow. Similar analogies, such as rotor-like circulations, have been proposed by a number of investigators, though the consequences of such circulations on the primary terms in the mean momentum balance at the forest clearing edge have rarely been studied in the field. Using an array of three triaxial sonic anemometers positioned to measure horizontal and vertical gradients of the velocity statistics near a forest edge, we show that the flow structure is more consistent with an intermittent recirculation pattern, rather than a continuous rotor, whose genesis resembles the BFS flow. We also show that the lateral velocity variance, v 02 , is the moment that adjusts most slowly with downwind distance as the flow exits from the forest into the clearing. Surprisingly, the longitudinal and vertical velocity variances (u 02 and w 02 ) at the forest edge were comparable in magnitude to their respective values at the center of a large grass-covered forest clearing, suggesting rapid adjustment at the edge. Discussions on how the forest edge modifies the spectra and co-spectra of momentum fluxes, effective mixing length, and static pressure are also presented.
INTRODUCTION
Studies of turbulent transport processes at the biosphere-atmosphere interface are becoming increasingly ecological in scope, whether be it for measuring the flux of carbon and water (Baldocchi et al. 2001) or for determining long-distance seed and pollen dispersal by wind (Nathan et al. 2002 , 2005 , Soons et al. 2004 , Williams et al. 2006 . While the statistical properties of turbulence in the atmospheric surface layer (ASL) have been extensively studied over homogeneous surfaces, disturbances to the flow created by transitions from one surface cover to another remains a subject of theoretical and experimental research (Garratt 1990 , Gardiner 1994 , Judd et al. 1996 , Veen et al. 1996 , Dwyer et al. 1997 , Patton et al. 1998 , Lee 2000 , Belcher et al. 2003 , Coceal and Belcher 2005 .
One such flow disturbance are tall forest edges-now gaining significant attention in many research areas within ecology, hydrology, meteorology, and fluid mechanics because of their relevance to not only problems such as seed and pollen dispersal in gaps , Williams et al. 2006 ), but also forest fragmentation effects on abiotic and biotic processes (Malcom 1998) , forest felling management (Flesch and Wilson 1999) , enhanced dry deposition of atmospheric pollutants (De Ridder et al. 2004) , and up-scaling turbulent fluxes and mean meteorological states from patchy land surfaces in boundary layer models (Klaassen 1992 , Garratt 1994 , Klaassen and Claussen 1995 , to name few applications.
Motivated by such applications, field and laboratory experiments have already been conducted in the past three decades to analyze the bulk flow properties near step changes in surface roughness. These early studies primarily focused on the growth of the so-called ''internal boundary layer'' or IBL (Garratt 1990 ), a region influenced by the abrupt roughness and concomitant surface shear stress jump. Roughness tran- sitions were quantified by changes in the so-called momentum roughness length (z om ), but rarely considered the explicit vertical geometry (or morphology).
Transitions from a tall-forested canopy with a canopy height (h c ) on the order of 10 m to a forest clearing with a vegetated cover height on the order of 10 cm cannot ignore the vertical dimension imposed by the forested canopy on the bulk flow near the edge. Over the past decade, a number of field and wind tunnel experiments considered the two-dimensional aspects of this problem for flows originating from a clearing into a forest (e.g., Irvine et al. 1997 , Morse et al. 2002 , mainly for windbreak applications. A less-studied problem is when the flow originates from a tall forest into a clearing (Judd et al. 1996) . The mean velocity adjustments, reviewed in Lee (2000) , and analytically predicted in Belcher et al. (2003) divide the flow over the clearing into three regions: (1) an exit region, in which the mean flow maintains its state as it exits from the forest edge, particularly the inflection point near the canopy top that sustains the Kelvin-Helmholtz (KH) instabilities (Judd et al. 1996 , Lee 2000 , Belcher et al. 2003 ; (2) a mixing zone, in which the KH instabilities ''self-destruct'' and smooth out the mean velocity profile (Lee 2000) , thereby generating attached eddies to the ground; (3) a re-equilibration zone, in which the mean velocity profile is fully equilibrated with the new surface. Early experiments found that in an open field downwind of a coniferous forest, the mean velocity logarithmic profile was established at some 5h c from the edge (Raynor 1971 ).
Here we argue that this conceptual framework, especially in the exit region, may not be general near tall and dense forest edges. For densely forested canopies, the flow may actually share several attributes with the so-called backward-facing step (BFS) flow schematically shown in Fig. 1 and qualitatively compared with exit flow predictions in Table 1 . As early as 1987, a wind tunnel study already proposed that the wind pattern across a forest clearing can be temporally decomposed into ''direct through-flow'' (or exit flow) and ''recirculating flow'' (Raupach et al. 1987 ). In the case of a through-flow, the streamlines across the edge must be oriented with the above canopy streamlines. However, for a recirculating flow, the onset of a standing vortex within the clearing leads to a reverse flow near the ground (Raupach et al. 1987) . In fact, as early as 1975, cinematic observations using multiple smoke plumes in an isolated pine forest clearing (about 10 3 80 m) already documented that the flow can be decomposed into rotor-like and through-flow periods (Bergen 1975) . Hence, it is reasonable that the mean velocity profile at the edge can be constructed as some weighted average between these two ''canonical'' profiles depending on their time fraction and their relative contribution to the mean momentum equation, but the turbulent statistics that characterize this transition have not been investigated in a field setting. Table  1 . The thick arrows indicate expected mean flow streamline while the thin arrows indicate the local velocity. The dashed line indicates the free-shear interface delineating a potential recirculation zone. Variables are: h c , canopy height; z, height from the ground; andū, mean longitudinal velocity.
Note that around the edge, the exit flow and the BFS conceptual models differ mostly in the zone bounded by the ground and h c (Fig. 1, Table 1 ), the subject of this study. The exit flow model assumes that a quiet zone sets up in which the flow retains its canopy turbulence coherency in this region. We propose that this ''quiet'' zone shares some attributes with exit canopy turbulence but is intermittently perturbed by a recirculation pattern shown in Fig. 1 analogous to BFS flow. The intermittency in this recirculation zone is necessary to distinguish it from a continuous rotor-like circulation. Secondary recirculation zones at the clearing-edge corner are also possible and have been documented in open channel BFS studies (Simpson 1989) . The rationale for a BFS analogy is that for cases in which the canopy leaf area density is sufficiently high, the mean velocity inside the forested canopy is ''damped'' as the transition from tall forests to a clearing progress. In the limit when the forest canopy is enough dense to resemble an impervious structure, the flow must resemble a BFS setup. The statistical properties of turbulence for BFS flows have been studied extensively in hydraulic engineering over the past two decades (Armali et al. 1983 , Nakagawa and Nezu 1987 , Simpson 1989 , Chun and Sung 1998 , Scarano et al. 1999 , Spazzini et al. 2001 , Kostas et al. 2002 , Piirto et al. 2003 , Dejoan and Leschziner 2004 , Furuichi et al. 2004 , Schram et al. 2004 , Nezu 2005 , Sheu and Rani 2006 and their mean flow properties include ( Fig. 1): 1) An approximate boundary layer flow upstream from the drop structure.
2) A perturbed free shear interface that develops between the drop structure and the ground beyond the drop structure. This free shear interface extends horizontally some 5-10 h c .
3) A recirculation zone, absent from the exit flow model, that dominates the structure of turbulence below this free shear interface. A secondary circulation zone at the corner has also been observed in some cases. 4) A reattachment zone followed by a re-equilibration zone to the new surface.
Because of the finite porosity, it is likely that the structure of turbulence near a forest edge experiences both flow types: an exit flow from the forest 'punctuated' by intermittent and highly unstable re-circulation zones (Bergen 1975) induced by a BFS like phenomenon. Whether this intermittent and unstable recirculation is significant to impact the mean momentum balance and the spectral properties of the velocity has not been explored in the field and will depend on a large number of factors including the leaf area density (Flesch and Wilson 1999) , the forest canopy height, the upstream velocity, and adiabatic effects (Morse et al. 2002) .
Naturally, exploring all these simultaneous effects are well beyond the scope of a single field study. The compass of this work is to investigate how a forest edge, situated at the interface between a tall pine canopy (h c ¼ 18 m) with leaf area index (LAI) in excess of 4.5 m 2 /m 2 (i.e., a dense canopy) and a grass-covered forest clearing (grass height, h g , ;10 cm over the course of the measurement period), modifies the structure of turbulence from its near-equilibrium state in reference to the state above the grass surface (measured at 12 h c from the forest edge and is much less contaminated by direct edge effects). In particular, we seek to explore whether there is some evidence that the edge experiences an intermittent re-circulation regime consistent with the BFS analogy and whether a BFS-like circulation can be significant to impact terms in the mean longitudinal and vertical momentum balance. For reference, we contrast several such terms in Table 1 for classical canopy ''exit flow'' with no adjustments and BFS-like flow. These statistics form the basis for identifying (''fingerprinting'') BFS flow signatures at the edge. For convenience, the experimental results are presented as a contrast between the flow statistics near the forest edge (i.e., highly disturbed by the edge) and their counterpart at the same measurement height above the grass surface some 12 h c away from the edge (i.e., a reference representing a quasi-equilibrated flow state with the grass surface, though not fully equilibrated as we illustrate later). Because of natural variations in wind directions, this setup also permits us to explore some aspects of how turbulence statistics are modified by the edge for wind conditions originating from the clearing into the forest.
EXPERIMENT
The experimental site is a grass-covered forest clearing (Fig. 2a) Notes: This assumes that no secondary mean wind maximum occurs inside the canopy as the flow progresses from the forest into a clearing (see also Fig. 1 ). Here ''þ'' denotes a positive quantity, and ''À'' denotes negative.
central grass tower commenced in 2001 as part of a longterm flux monitoring initiative known as Ameriflux (Baldocchi et al. 2001) . A CSAT3 sonic anemometer (Campbell Scientific, Logan, Utah, USA) is situated at 3 m above the ground surface and is used to record the three-component velocity and virtual temperature. The grass height ranges from 0.1 m following harvesting to 0.5 m or higher during well-watered periods in the growing season (Novick et al. 2004) .
The forest stand, situated at the northerly edge of the grass field, is a uniformly planted (in 1983) loblolly pine forest extending some 300-600 m in the east-west direction and 1000 m in the south-north direction. Canopy height averaged 18 m at the time of the experiment. The subcanopy is densely populated with several woody species including Liquidambar styraciflua L., Acer rubrum L., Ulmus alata, and Cornus florida L. (Stoy et al. 2005 , Juang et al. 2006 . Thus, leaf area is distributed throughout the canopy volume and is not exclusively concentrated near the canopy top. A CSAT 3 sonic anemometer was situated at 22.6 m above the forest floor to measure the velocity components and virtual temperature above the canopy. The mean flow properties, second-order moments, and the overall structure of turbulence inside this forested stand have been extensively studied (Katul and Albertson 1998 , Katul and Chang 1999 , Siqueira and Katul 2002 .
The measurement period extended from 14 October until 11 November 2005. To measure as many terms as possible in the mean momentum balance, an array of three sonic anemometers (see the photograph in Fig. 2 ) was positioned at the forest edge. Two of the anemometers were facing the edge. One of these anemometers was placed at z ¼ 3 m (the same height of the sonic anemometer of the grass clearing) and the other was placed at z ¼ 2.35 m, while the third anemometer was positioned at z ¼ 3 m but facing the clearing. A tilt angle of about 458 from the north-south direction was applied to the arms of the sonic anemometers to avoid mutual interference in the northerly direction. The array configuration was designed to measure horizontal and vertical gradients when the mean wind direction (WD) varied from À1808 (southerly wind, from the clearing into forest) to þ508 (taking 08 to be northerly wind, from the forest into the clearing, and 908 to refer to winds from due east). Mean wind directions from the west and southwest (i.e., WD 2 [þ508 to þ1508]) were ''contaminated'' by tower distortions and sonic anemometer mutual shadowing, though these directions rarely occurred in comparison with other mean wind directions during the measurement period (Fig. 3 ). Horizontal and vertical gradients in all the flow statistics were computed with respect to anemometer separation distances of 1.5 m and 0.65 m, respectively (primarily when the wind direction was from north to south or south to north). The time series from all the sonic anemometers were sampled at 10 Hz, divided into 30-minute runs for postprocessing, and all the key statistics for each run were then computed.
During the measurement period, we found that the sensible heat flux (H) from the grass clearing and from the pine forest were comparable; however, the friction velocity (u * ) was 40% smaller at the clearing when compared to the pine forest (Fig. 3a, b) . Hence, in a first order analysis, the flow into the forest edge experiences a significant ''jump'' in the mean momentum flux but no concomitant change in the sensible heat flux. The wind directions measured at the pine forest and central grass towers were consistent as shown also in Fig. 3c when the mean wind speed was larger than 1 m/s at the grass tower.
Throughout, we use both index and meteorological notations as follows: x 1 or x, x 2 or y, x 3 or z are the longitudinal, lateral, and vertical directions, respectively, u 1 or u, u 2 or v, u 3 or w are the instantaneous velocities along x 1 , x 2 , and x 3 ; t is time, T is virtual temperature, the overbar represents time-averaging over 30 minutes, and primed quantities denote instantaneous turbulent excursions from the time-averaged state. For each run, the measured velocity time series was rotated such that x 1 is aligned along the mean wind direction (i.e.,v ¼ 0). No vertical rotation was employed because of the need to compute flow statistics such as ]w/]z. The variance of an arbitrary flow variable s is defined as r 2 s ¼ s 02 and its vertical turbulent flux is w 0 s 0 . Hereafter, we refer to the tower locations at the center of the grass clearing and the pine forest as grass tower and pine tower, respectively.
RESULTS AND DISCUSSION
The effects of the forest edge on the structure of turbulence near the grass-forest interface are first explored by contrasting the bulk flow statistics collected FIG. 3 . Comparisons between (a) friction velocity (u * ), (b) sensible heat flux (H), and (c) wind direction (WD) measured at the center of the grass clearing (grass tower) and at the forest during the study period, and (d) the histogram of wind directions during the same period. Note that the dominant wind direction is approximately from the north (i.e., from the forest into the grass clearing).
at the edge with the flow statistics collected at the grass tower for two clusters of wind directions: north (i.e., from the forest into the clearing direction within 6458) and the remaining wind directions. We then proceed to explore the ''fingerprints'' of the intermittent BFS-like circulation in the velocity statistics relevant to the mean momentum balance as in Table 1 . The implications of the experimental findings to closure approximations are then discussed and typical mixing length scales are investigated using spectral analysis.
Comparison between the flow at the edge and the flow in the clearing
In Fig. 4 , the time series of key flow statistics measured by the sonic anemometers at the edge and at grass tower are presented for the entire experiment duration. The following salient features can be noted:
1) Theū at the edge is much smaller thanū at the grass tower for almost all the runs, as expected.
2) Thew at the edge is positive on average, but is negative at the grass tower (consistent with the BFS like circulation in Fig. 1 ).
3) TheT differences between the two tower stations are minor, at least when this difference is compared to the diurnal variation.
4) The differences between measured u 02 and w 02 at the two stations are surprisingly small when compared to differences in v 02 , though not for the entire record duration.
5) The momentum flux w 0 u 0 is negative at the grass tower (as expected in a turbulent boundary layer) but is often positive and large at the forest edge (especially during periods of highū) hinting at some BFS-like recirculation (Fig. 1) .
6) The sensible heat flux differences between the two towers are minor, which is expected given the similarity in sensible heat fluxes between the pine forest and grass surface (Fig. 2) . Upon clustering the data in two wind directions (northerly and all other directions), we find that the differences inū and v 02 largely occur when the flow originates from the forest into the clearing as shown in Fig. 5a, c . Surprisingly, a 1:1 agreement between the flow statistics at the edge and in the center for u 02 and w 02 (Fig. 5b, d ) was recorded for all wind conditions, suggesting that the forest edge played a minor role in modulating these two quantities when compared to v 02 .
One explanation for the u 02 similarity at the two tower sites may be attributed to large-scale ''inactive eddies'' originating from the outer layer and contributing to longitudinal velocity variance at these two locations (Katul et al. 1996, Katul and Chu 1998) . This explanation does not contradict the w 0 u 0 dissimilarities recorded in the time series, as the inactive eddy motion by definition does not contribute to the momentum flux. However, this argument cannot explain similarities in the measured w 02 at these two sites because w 02 is also much less impacted by the inactive eddy motion (Katul and Chu 1998) . We return to this point in the spectral analysis section. The most notable ''edge effect'' was manifested in the v 02 , which was reduced by almost a factor of three relative to its grass tower counterpart for northerly wind conditions. To explain why v 02 does not adjust as rapidly as u 02 and w 02 , consider its budget equation, given by
where D(Á)/Dt is the material derivative, t m is the kinematic molecular air viscosity, q is the mean air density, and p 0 is the turbulent static pressure fluctuation. Term [1] represents the variance production (extracting energy from the mean flow), term [2] is turbulent transport, term [3] is pressure transport and redistribution, and term [4] is viscous dissipation. By virtue of the coordinate system,v ¼ 0, and the lateral symmetry in the experimental setup for northerly wind conditions leads to ](Á)/]y ¼ 0 both inside the forest and above the clearing. This setup means that the turbulent transport term (i.e., term [2] ) becomes the primary mechanism that can increase Dv 02 /Dt as the flow progresses from within the forest into the clearing. The fact that the pressure re-distribution term and production terms are absent here can explain why v 02 adjusts much more slowly when compared to u 02 and w 02 .
The mean momentum balance equation at the forest edge
For a stationary high Reynolds number flow that is homogeneous along the lateral direction, the three sonic anemometer array positioned at the edge permitted us to estimate key terms in the mean continuity,
and in the longitudinal and vertical mean momentum balances, given by
Except for the turbulent pressure gradients, all terms on the left-hand side of Eqs. 2 and 3 can be measured near the edge, and are shown in Figs. 6 and 7 as a function of wind direction. Because our focus is on northerly wind directions (WD ' 0 here is the forest-toclearing), data not directly relevant to these directions is shaded; for completeness we present the entire record. A number of salient features are evident from these two figures (see also Table 1): 1) For forest-to-clearing wind directions, the predominantly negative ]ū/]z close to the forest-clearing edge is consistent with the BFS analogy (see Fig. 1 and Table 1) . A ]ū/]z , 0 is also consistent with the exit flow model if a secondary maximum in mean velocity exists inside the canopy (Shaw 1977, Wilson and Shaw 1977) . Note that for clearing-to-forest wind directions (WD ' À180), ]ū/]z . 0, compatible with standard boundary layer flows over the grass surface and lending further confidence in the gradient measurements.
2) For forest-to-clearing wind directions, ]ū/]x is mostly negative, which is in agreement with a BFS flow (Table 1) . Again, note that for the clearing-to-forest wind direction (WD ' À180), ]ū/]x . 0 this lends additional confidence in these gradient measurements). For the BFS analogy, a simple order of magnitude suggests that the distance at which sign reversal in the mean flow (i.e.,ū , 0) is expected isū/(]ū/]x) ; 1/0.1 ; 10 m or within h c from the forest edge. In this calculation,ū and ]ū/]x were determined by ensemble averaging the northerly wind direction data in Figs. 5 and 6. This horizontal distance is similar to several flow visualization experiments on BFS in open-channel hydraulics (Simpson 1989 ) and smoke release experiments in Bergen (1975) . The latter study reported intermittent recirculating eddies between h c and 2.7 h c (McNaughton 1989) (i.e., horizontal distance of the same order of magnitude as h c ).
3) For forest-to-clearing wind directions, bothw (see unshaded areas in Fig. 4 ) and ]w/]z (Fig. 6d) were positive, again pointing to a BFS-like circulation (see Table 1 ). For all other wind directions, ]w/]z was small but consistently positive. This consistent positive ]w/]z is not unexpected given thatw ¼ 0 at the ground. Recall that in a standard exit flow scenario, the mean velocity turns downward to fill out the clearing immediately after its upstream edge ( Fig. 1 ; see also Fig. 10 in Belcher et al. 2003) , thereby resulting in a negativew. When combined withw ¼ 0 at the ground, it leads to a ]w/]z , 0 (see Table 1 ).
4) For forest-to-clearing wind directions, ]w/]x . 0, again suggesting that the increase inw is likely to be linked with upward mean flow consistent with the BFS analogy ( Fig. 6b; Table 1 ).
5) For forest-to-clearing wind directions, the ensemble-averaged ]ū/]x ' À]w/]z as predicted by the mean continuity equation (Fig. 6a, d ) thereby lending further confidence in these velocity gradient measurements. In particular, we find that ]ū/]x ' À]w/]z is well satisfied for large events (i.e., when ]ū/]x ' À0.2 s
À1
, À]w/]z ' 0.2 s À1 ), suggesting that these agreements are not fortuitous artifacts of sonic anemometer biases or electronics. For the other wind directions (shaded regions), care must be used in interpreting the continuity equation as distances between the three sonic anemometers becomes highly sensitive to wind direction, and the lateral direction is no longer homogeneous. 6) With regard to the terms in the mean longitudinal momentum balance (Fig. 7) and for forest-to-clearing wind directions, significant ]u 0 w 0 /]z . 0 (i.e., positive change in momentum flux with height) was measured (panel f ), again consistent with the BFS analogy. Note that for clearing-to-forest wind directions, the vertical gradients in the momentum flux ]u 0 w 0 /]z are negligible, suggesting that a near-constant stress assumption is reasonable even in the vicinity of the edge. As in the ]ū/]z , 0 case, a ]u 0 w 0 /]z . 0 for northerly directions may be consistent with an exit flow condition if a secondary-wind maximum exists inside the canopy (Shaw 1977, Wilson and Shaw 1977) . We explore this point later and demonstrate that conditions promoting secondary maxima in the forest act against the BFS flow. Specifically, the occurrence of a BFS-like circulation and secondary maxima require almost opposite upwind shear stress conditions (at least for this site).
7) For forest-to-clearing wind directions, a large and positive ]w 02 /]z was measured (Fig. 7f ) , consistent with both the exit flow model and BFS, while for the clearingto-forest wind direction, the j]w 02 /]zj ' 0 consistent with standard near-neutral surface layer analysis and the near-zero ]u 0 w 0 /]z ' 0 term. 8) For forest-to-clearing wind direction, measured ]w 02 /]x , 0 (Fig. 7b) and this gradient cannot be consistent with the exit flow model (even in the presence of a secondary mean wind maximum). In fact, other experiments (Flesch and Wilson 1999) reported an increase in their turbulent kinetic energy with distance from a sparse forest edge after demonstrating that rotorlike circulation is absent in their data. For the clearingto-forest wind direction, again note that j]w 02 /]xj ' 0 and remains consistent with a near-neutral atmospheric surface layer.
9) The longitudinal and vertical gradients of u 02 in Fig. 7a, d confirm the findings for the w 02 analysis when considered in the context of Table 1 . Again, note that for clearing-to-forest wind direction, j]u 02 /]xj ' 0 consistent with a near-neutral atmospheric surface layer. 10) Among all the terms in the longitudinal mean momentum balance, j]u 0 w 0 /]x j was the smallest for forest into clearing wind directions (Fig. 7c) .
As earlier stated, the fact that measured ]ū/]z , 0, ]w/]z . 0, and u 0 w 0 . 0 can be explained by an exit flow model with a secondary maximum in the mean velocity profile (Shaw 1977 , Wilson and Shaw 1977 , Katul and Chang 1999 , Morse et al. 2002 . To investigate this point further, we consider the measured profiles in Fig. 8 collected inside the same pine canopy Albertson 1998, Katul and Chang 1999) increasing mean velocity above the forest canopy (u o ). If we re-computed these profiles conditioned on u o . 3 m/s (also shown in Fig. 8 ), we find that the mean velocity profile approaches its ''classical'' exponential form, jwj ' 0, and u 0 w 0 , 0 throughout the pine canopy. Hence, it is the classical canopy turbulence profiles with their ]ū/]z . 0,w ' 0, and u 0 w 0 , 0 properties that prevail for exit flow conditions at the edge when the upwind mean velocity is large. Recall that these strong mean wind conditions are the ones promoting intermittent recirculation at the edge in the framework of the BFS analogy.
In a BFS open-channel flow, the recirculation region is linked to the magnitude of the upstream shear stress (Nakagawa and Nezu 1987) . Hence, as further (but admittedly indirect) evidence of a BFS-analogy near the forest edge, we investigate whether ]ū/]x becomes increasingly negative as measured friction u * at the pine tower increases for all forest-to-clearing wind directions. From Fig. 9 , it is clear that as u * above the forest increases, ]ū/]x at the edge becomes increasingly negative, again consistent with the BFS patterns observed in open channel flows. Recall that a negative ]ū/]x is a necessary, but not sufficient, condition for a negativeū in the clearing thereby setting up a recirculation zone.
Closure models for the mean momentum balance
We demonstrated that BSF-like flows are likely at the dense forest edge measured here. If a BSF-like flow exists, what are plausible closure models for the mean pressure gradients and turbulent stresses near forest edges?
The (inferred) mean pressure gradients at the forest edge Given the difficulties in measuring the turbulent pressure gradients at the forest edge (Nieveen et al. 2001) , we used Eq. 3 to estimate these terms as residuals with the cautionary comment that all measurement errors are likely to ''infect'' this estimate. In Fig. 10 
where hÁi is the usual spatial averaging operator (Raupach and Shaw 1982) , C d is the canopy drag coefficient estimated by Katul and Albertson (1998) for this site to be '0.2, and a ¼ LAI/h c is the mean leaf area density. Upon regressing the estimatedÀ1 ]p/]z against jūjū i , a closure model for the pressure terms can be explored. The regression slope in Fig. 10 can be interpreted as an effective C d a. Based on linear regression analysis of the data in Fig. 10 , we computed for the longitudinal direction a slope that is '0.051, which is in good agreement with the estimate based on C d 3 (LAI/h c ) ¼ 0.2 3 4.8/18 ' 0.053 for the pine forest. However, for the vertical direction, we found that the slope of the regression line (i.e., C d a) is one order of magnitude larger than 0.053, suggesting that additional mechanisms, perhaps linked with a recirculation-induced change, must be responsible for enhancing q À1 ]p/]z beyond its canopy drag value.
To assess whether the pressure gradient relationship in Fig. 10 are consistent with other direct pressure measurements conducted at similar sites, we considered the ground pressure measurements for the tussock grassland-forest interface experiment described by Nieveen et al. (2001) . Using five quad-disks static pressure measurements from the clearing into the forest positioned at the ground, they found that when the flow direction is from smooth to rough (or clearing to forest), maximum pressure differences occur within the forest (x/h c ; 0.6, noting that h c ¼ 25 m in their experiment). However, when the flow transitions from rough to smooth (or forest to clearing), they found that the pressure differences between the forest and the grassland is comparatively weak, one order of magnitude smaller than the smooth-to-rough case, and occurs near the forest edge. We used their published data (their Table 2 ) to estimate a ground-based q À1 ]p/]x at their edge as a function ofū 2 , which was only available at their grassland for cases when their DP 50 . 0 (i.e., pressure difference between the disk at 100 m inside the forest and 50 m into the clearing from the edge). We used DP 50 . 0 at x/h c ¼ 0 because we wanted to ensure a significant FIG. 8 . Mean profiles of (a)ū, (b)w, and (c) u 0 w 0 inside the pine forest for all the mean wind and atmospheric stability conditions (solid lines) described in Katul and Albertson (1998) . The profiles for these same variables, conditioned on strong mean wind speed above the canopy (u o . 3 m/s) are shown as dashed lines (not horizontal) in those panels. (d) The variation of ]ū/]z as a function of u o is also presented along with the regression line for reference. In all four panels, the velocity is normalized by u o or the friction velocity (u * ) measured above the canopy. The length scales are normalized by the mean canopy height (h c ). In panels (a)-(c), the height of the measurements conducted at the forest edge is shown as thin horizontal continuous line, and the canopy top (z/h ¼ 1) is shown as a horizontal dashed line for reference. Note the shift toward ''classical'' dense canopy turbulence profiles for u o . 3 m/s in these three panels. In panel (d), the dashed line represents the zero gradient.
re-attachment zone away from the edge during their experiment thereby eliminating other mechanisms known to influence ground pressure (e.g., adiabatic differences between the two surfaces). The overall trend in their ground pressure Àq À1 ]p/]x, shown in Fig. 11 , is consistent with our findings in Fig. 10 (top panel) . Analogous findings about the importance of the term Àq À1 ]p/]x were observed in the numerical simulation carried out by Li et al. (1990) . When taken together, these three studies unambiguously demonstrate that Àq À1 ]p/]x, a term often neglected in Reynolds-averaged Navier-Stokes (RANS) IBL models of forest edges (e.g., Rao et al. 1974 , Garratt 1990 , Kaimal and Finningan 1994 , plays an important role in the mean momentum balance. Furthermore, the agreement between the findings in Fig. 10a and Fig. 11b lends additional confidence to our indirect estimates of q À1 ]p/]x at the edge.
Mixing length models for the Reynolds stress at the forest edge
To explore whether a single canonical mixing length l is sufficient to explain the positive w 0 u 0 from mean velocity gradients, standard first order closure principles, given by upon u 0 w 0 in Fig. 12 and compared these estimates to two plausible mixing length scales: (1) k v z representing a standard boundary layer mixing length, where k v ¼ 0.4 is the von Karman constant, z is the measurement height, and ah c represents a standard canopy mixing length with a ' 0.1 determined for dense canopy flows in flume experiments (Poggi et al. 2004) . The large scatter in Fig.  12 demonstrates a disappointing ''non-uniqueness'' in the mixing length. Interestingly, most of the runs appear to yield mixing lengths bounded by 0.2 h c (¼3.6 m) and k v z/10 ' 0.12 m. This result motivated us to explore, via wavelet spectra and co-spectra, the range of length scales that may contribute to the generation of positive momentum fluxes at the edge.
Spectral and co-spectral comparisons between the forest edge and the grass surface
We compared the Haar wavelet velocity spectra and co-spectra at the edge with their counterparts above the grass clearing, the latter representing a quasi-equilibrated flow with the grass surface (see Fig. 13 ). The choice of wavelet analysis over its Fourier counterparts are discussed elsewhere (Katul et al. 1994 (Katul et al. , 2001 ) and are not repeated here. We estimated the Haar wavelet wave number (K ) from the sampling frequency and localū using Taylor's frozen turbulence hypothesis. Because of the need to use Taylor's hypothesis, we only considered runs with high wind speeds at the edge (squared turbulent intensity ,0.25 at the edge). Fig. 13 shows a sample 54-minute run collected under aū ¼ 3 m/s measured at the grass tower and aū ¼ 1.4 m/s measured at the edge (data collected at the two towers almost simultaneously).
Not surprisingly, we found that the energetic scales in the vertical velocity spectrum (KS w ) are bounded between k v z and h c ; and that the signature of the inertial sub-range (À2/3 power law) commences around z/2, consistent with an earlier study on local isotropy at this site (Katul et al. 1997 ). For the longitudinal velocity energy (KS u ), we found that the energetic scales generally exceed h c , suggesting some inactive eddy motion from the outer layer may be contributing to u 02 at both the central grass tower and the edge sites. For the lateral velocity energy, the energetic scales do not exceed h c near the edge, again suggesting dissimilarity in FIG. 11. (a) The measured ensemble variation of ground pressure difference Dp (referenced to the forest value) normalized by air density q with distance x normalized by the canopy height h c for conditions ensuring a re-attachment zone at 50 m (Dp 50 . 0) using data from Nieveen et al. (2001) the production mechanism between u 0 and v 0 (as alluded to in Eq. 1).
The surprising results were for measured co-spectral (Co uw ) dissimilarity between the edge and the central tower within the grass site. For almost all the runs we analyzed (not shown), with mean wind directions from the north (forest-to-clearing), K Co uw was positive between length scales ranging from 2h c to k v z/2 at the edge but consistently negative at the grass tower. At scales larger than 2h c , K Co uw at the edge fluctuated in sign among various runs, but remained positive between 2h c and k v z/2. This co-spectral analysis suggests that eddies responsible for the positive u 0 w 0 (and hence a potential re-circulation in the BFS analogy) are larger than k v z (the boundary layer mixing length over the grass) but are not much larger than the canopy height, again consistent with the recirculation size in Fig. 1 .
SUMMARY AND CONCLUSIONS
Using an array of three sonic anemometers positioned near a tall pine forest edge, we showed that when the mean wind direction is from the forest into a large grasscovered clearing:
1 2) The mean trend in estimated Àq À1 ]p/]x becomes increasingly negative with increasingū 2 consistent with ground pressure measurements reported in other forest to clearing edge studies.
3) The mixing length scale for momentum transfer at the edge is not well defined but its scatter is bounded by values less than k v z to values exceeding 0.1h c .
4) The measured co-spectra of u 0 w 0 is positive between the length scales ranging from 2h c to k v z, scales comparable to the expected BFS recirculation size.
Disentangling the signature of the BFS flow regime at various locations in forest clearings from other flow regimes is the next logical step that can benefit from a broader set of experiments, visualizations, and simulations. Intensive field experiments (including smoke visualization already used by Bergen 1975) , flume and wind tunnel flow visualization experiments, and large eddy simulations (LES) can all be utilized to further explore the external conditions promoting the onset of the BFS regime at edges and its contribution to various flow statistics.
Another finding from this experiment is the differences in adjustments among the second order statistics as the flow exits the forest canopy. We showed that the lateral velocity variance, v 02 , is the moment that adjusts most slowly. Surprisingly, the longitudinal and vertical velocity variances (u 02 and w 02 ) at the forest edge were comparable to their respective values at the center of the clearing suggesting rapid adjustment at the edge. Qualitatively, we showed that the only mechanism that can modulate v 02 as the flow exits the forest edge is the flux transport term, known to be less efficient. This finding has important implications for two-equation (k À e) or other Reynolds-averaged Navier-Stokes (RANS) closure models used to compute flows near forest edges because the v 02 budget is rarely considered in such models.
Finally, a unique data set was collected for the mean flow and second moment statistics along with their horizontal and vertical gradients near a tall forest edge referenced to the flow statistics that are in quasiequilibrium with the forest clearing. These data can guide future LES with a lens on developing realistic subgrid closure schemes that account for features that appear sharp in space but are ''porous'' to current fluid dynamics subgrid models.
ECOLOGICAL APPLICATIONS
Fragmented landscapes are becoming widespread features of the modern world resulting in abrupt increases in artificial forest edges (Laurence 2004) . Understanding how the creation of such artificial forest edges affect the neighboring physical and biological environment remains a central research topic in applied ecology. Here, we focused on quantifying how dense forest edges alter the structure of the mean and turbulent wind in the immediate vicinity of a tall forest edge. Our experiments show that a re-circulation pattern, whose genesis is analogous to a BFS flow, significantly impacts all the terms in the longitudinal mean momentum equation. This is the first ''field evidence'' documenting the importance of a BFS-like phenomenon on key terms in the mean longitudinal momentum equation. Such a recirculation zone can lead to disproportionate trapping and re-suspension of seeds and other airborne organisms originating from within the canopy into the canopy gaps.
